AND DORIs A. SHIELDS. Effect of sodium chloride on staphylococcus-phage relationships. J. Bacteriol. 86:773-780. 1963.-Phage patterns of 21 phage-propagating strains of staphylococci on medium with high NaCl content appeared to be an expression of the staphylococcal cells, as well as of the salt tolerance of the phages. Serological group A phages, previously found to be NaCltolerant in the free state, were capable of lysing susceptible staphylococci on 3, 7.5, and 10% NaCl Trypticase Soy Agar. None of the other phages tested was active when the medium contained 7.5 and 10% NaCl. Increasing the NaCl content of the medium rarely resulted in nonspecific reactions; rather the effect was, generally, a narrowing of the phage spectrum of the cells, with persistence in the phage pattern of the phage, or phages, which were propagated on the cells being tested. Although NaCl tolerance of the phages was the chief limiting factor of phage activity in the presence of 7.5 and 10% NaCl, reactions on salt medium also depended on the degree of susceptibility of cells to phage on routine typing medium and to certain other unexplained factors. In some instances, under the influence of increased NaCl, significant lysis at 1000 RTD was replaced by thinning of growth (inhibition), with or without the presence of plaques. Conversely, certain phage-cell combinations, which gave inhibition at 1000 RTD on standard medium produced some degree of lysis when the NaCl concentration was increased. Studies of phage 81 and its propagating strain showed that replication of phage occurred in 10% NaCl medium, although adsorption diminished as salt concentration was increased, and the time re-1 Present address: Communicable Disease Center, U.S. Public Health Service, Atlanta, Ga. quired to reach maximal lytic activity was delayed.
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The effects of low levels of electrolytes on interactions between bacteriophages and their host bacteria have been presented in several reviews (Weidel, 1958; Adams, 1959; Groman, 1961) , but a search of the literature reveals little information on the influence of high concentrations of salts on phage-cell systems. In a study of the salt tolerance of free staphylococcal phages, it was found that those belonging to serological group A were not inactivated by 10 % NaCl after 24 hr, whereas, under the same conditions, serological group B phages were unstable, and serological group F and L phages were intermediate in their resistance to NaCl (West and Kelly, 1962) . The objectives of the present study were to examine the effects of high concentrations of NaCl on phage patterns of staphylococci and on their ability to adsorb and replicate phage.
MATERIALS AND METHODS
Phages and staphylococci. A total of 21 basic phages recommended for phage typing of staphylococci (Blair and Williams, 1961) , as well as phages 42B and 47C, were used to type their propagating strains (PS). Adsorption and replication of phage 81 on PS 81 in the presence of increasing concentrations of NaCl were also studied.
Phage typing. Except for modification of the NaCl content of routinely used media, Trypticase Soy Broth (TSB) and Trypticase Soy Agar (TSA; BBL), the phage-typing technique was that described by Blair and Williams (1961 (1951) found that 95% adsorption of staphylococcal phage to host cells occurred within this period. Thereafter, 0.1-ml samples were placed in four tubes and to each were added 3 ml of melted, cooled Trypticase Soy-0.6% agar which contained 0.5, 3, 7.5, and 10% NaCl. The mixture was plated on regular (1.5% agar) TSA of the same NaCl content as that of the soft-agar layer. Plaques were counted after 24 hr (30 C) of incubation (Gratia, 1936; Hershey, Kalmanson, and Bronfenbrenner, 1943) . After the initial phage-cell samples were removed, the mixture was centrifuged at 1500 X g for 5 min. The supernatant fluid (0.1 ml) was mixed with an equal volume of a 6-hr TSB culture of PS 81, the mixture was plated by the overlay technique, and plaques were counted after 24 hr of incubation at 30 C.
The above procedure was repeated, but in one set of experiments it was altered to allow adsorption of phage 81 in the presence of 0.5, 3, 7.5, and 10% NaCl. In other experiments, adsorption in each of the four concentrations of NaCl was followed by plating in 0.5% NaCl medium.
To determine whether replication of phage 81 occurred in broth containing high concentrations of NaCl, the following procedure, patterned after that of Rountree (1951) , was used. Phage filtrate (0.1 ml) and 0.02 ml of a 6-hr TSB culture of PS 81 were added to 9 ml of 0.5% NaCl-TSB and to each of a series of tubes of the same volume of TSB containing from 2 to 10% NaCl. No attempt was made to correct for the slight dilution of NaCl due to addition of cells and phage. Immediately after mixing, and again after 2, 4, 6, 12, 24, and 30 hr, 0.02-ml samples were removed from each tube and dispensed into tubes which contained 0.1 ml of a 6-hr TSB culture of PS 81. A 3-ml amount of 0.5% NaCI-Trypticase Soy-0.6% agar was added to each tube, and thereafter the procedure followed that of the overlay technique, using a base of regular TSA. Plaques were counted after 24 hr of incubation at 30 C. Where it was impossible to count individual plaques, the relative degree of lysis was recorded as ++, +++, and ++++.
RESULTS
Phage patterns on salt medium. On routine typing medium, the phage patterns of some of the propagating strains used in this study were not in complete agreement with those given by Blair and Williams (1961) . In general, however, the major reactions conformed to this standard, and the phages and cells at hand were considered to be satisfactory for the purpose of the study.
As the salt concentration of the medium was increased, the lytic activity of most phages decreased (Table 1 ). On 7.5% NaCl medium, only phages 3A, 3B, 3C, 6, 7, 42E, 47, 54, 75, and 81 remained in the RTD phage patterns of one or more staphylococci which were lysed by the same phages on routine medium. In addition, phages 42B and 47C also appeared in the 1000 RTD phage patterns of certain staphylococci on 7.5% NaCl medium. When the medium contained 10% NaCl, some degree of lysis by phages 6, 7, and 47 persisted in certain RTD patterns, and, at 1000 RTD, phages 3A, 3B, 3C, 6, 7, 42E, 47, 54, 75, and 81 were capable of lytic activity on some strains of staphylococci. All phages which gave reactions on medium containing 7.5 and 10% NaCl belong to serological group A. None of the serological group B phages was active in the presence of these high salt concentrations. Three phages (77, 42D, and 187), which belong to serological groups other than A and B, failed to lyse their propagating strains of staphylococci on 7.5 and 10% NaCl media, although one (42D) had previously been shown to survive as free phage in 10% NaCl-TSB. Reactions on salt medium were influenced by the strain of staphylococcus, as well as by the NaCl tolerance of the phages. In general, the more susceptible the cells were to lysis by a phage on 0.5% NaCl medium, the greater was the tendency for them to be lysed by the same phage on 3% NaCl medium and, pro- 
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viding the phage was salt stable, on 7.5 and 10% media. A notable exception was the salt-tolerant phage 42D which lysed its propagating strain only on routine medium, produced inhibition on 3% NaCl medium, and gave no reactions on 7.5 and 10% NaCl media. Moreover, only in the case of phage 42D-PS 42D did phages other than those of the phage pattern on 0.5% NaCl medium give reactions on medium of higher NaCl content.
As the NaCl concentration was increased, replacement of lysis by inhibition frequently occurred. In some instances, however, under the influence of increased NaCl, slight inhibition progressed to marked inhibition, to inhibition with plaques, or even to significant lysis (+ +), as in the case of phage 54 on PS 47. A 1:1000 dilution (1000 RTD) of phage 54 gave no reaction with PS 7 and PS 47 on routine medium, but on high salt medium significant lysis (the correct reaction according to the standard patterns of PS 7 and PS 47) occurred. Whether significant lysis by a particular phage on 0.5% NaCl medium became inhibition or persisted as a lytic reaction on medium of higher NaCl content varied with the staphylococcal strain. The 1000 RTD (1:1000 dilution) of phages 3B, 47, 47C, and 54 most often gave inhibition on high salt medium. Repeated observations of varying degrees of inhibition, and of discrete plaques within a spot of obviously thinned growth, prompted the use of appropriate symbols to record these reactions in Table 1 .
Adsorption and replication of phage 81 in salt medium. Because phage 81-PS 81 appeared to be one of the most actively lytic systems in the presence of 10% NaCl, according to the phage-typing technique, it was selected for further study of the effects of NaCl on phage adsorption and replication. The results of experiments which tested the influence of 0.5, 3, 7.5, and 10% NaCl on adsorption in broth and replication in a soft agar overlay are presented in Table 2 . An average of plaque counts obtained when both adsorption and replication occurred in 0.5% NaCl medium indicates that 97% of phage was adsorbed after 20 min at room temperature. When adsorption occurred in broth of varying NaCl concentration and replication took place in 0.5% NaCl soft agar medium, plaque counts indicated that, as the level of NaCl was increased, adsorption of phage diminished (99, 57, 34, and 29% adsorption at 0.5, 3, 7.5, and 10% NaCl, respectively). Regardless of whether adsorption occurred in routine or high salt broth, there was no evidence of replication in 7.5 and 10% NaCl soft agar. However, when phage 81 was propagated on PS 81 in broth containing increasing amounts of NaCl, phage replication in the presence of from 0.5 to 10% NaCl was demonstrated, although for each 1% increment in NaCl there was a delay of about 1 hr before lytic activity was equivalent to that of the 0.5% NaCl broth (Table 3) .
DIscussiON
The failure of certain staphylococcal phages, particularly those of serological group B, to lyse susceptible cells of propagating strains of staphylococci on 7.5 and 10 % NaCl media was not unexpected, since previous findings (West and Kelly, 1962) had shown that the free phages differ in their NaCl tolerance. Results indicated, however, that inactivation of phage was not the sole factor responsible for changes in phage patterns as the NaCl content of the medium was increased. Although the greater the susceptibility of the cells to lysis on routine typing medium the more likely was phage-cell reaction on medium of high salt content, this was not always the case. In some instances, the strain used to propagate a NaClstable phage failed to react with this phage on high salt medium, whereas, on the same medium, the cells were lysed or inhibited by certain other phages which, with rare exception, belonged to the normal phage pattern. Under the influence of increasing concentrations of NaCl, inhibition re-WEST, KELLY, AND SHIELDS That inhibitors of staphylococcal growth occur in high-titer phage filtrates is well-known (Williams and Rippon, 1952) . Inhibition may be due to the activity of enzymes produced as a result of cell-phage interactions. Enzymes which act on the cell surface have been observed in several phage-cell systems (Adams and Park, 1956; Park, 1956; Murphy, 1957; Richmond, 1959; Eklund and Wyss, 1962) . It is conceivable that such a cell-wall lysing enzyme may have a high electrolyte requirement for optimal activity. Virolysin, a phage-induced enzyme (Ralston et al., 1955 (Ralston et al., , 1957a , was found to lyse heat-killed cells, but not viable log-phase cells unless a sensitization step occurred. Sensitization could be accomplished by adsorption of five active or ultraviolet light-inactivated phage particles per cell, or by penicillin. It seems reasonable that there could be other means of cell sensitization, and that these could include high concentrations of NaCl. 778 suggested that a leakage-controlling mechanism of the cell might be inhibited by excessive phage, and Lee (1954, 1955) found that leakage increased progressively as the sodium cation concentration was increased. It is also known that a staphylococcal phage may be bacteriostatic or lethal (Beumer-Jockmans, 1953; Elek, 1959) . Leakage or bacteriostasis may partially explain some staphylococcal phage reactions in high salt medium. However, a study of phages 80 and 81 on PS 81, not included in this report, gave no evidence that "lysis from without" was responsible for the lytic reactions of phage 81 observed on high salt medium. Concomitant plaque formation and inhibition suggests partial resistance, i.e., differences in phage susceptibility of cells within the strain. Burnet and McKie (1930) presented evidence that a balance of sodium and calcium cations is required for phage activity, with the Na+-Ca++ ratio approximately 20:1 for optimal activity. Cherry and Watson (1949) found that phage lysis of Streptococcus lactis was stimulated by NaCl, although the levels used were low (0.0005 to 0.05 M). Puck, Garen, and Cline (1951) , as well as Puck and Sagik (1953) , demonstrated that adsorption of phage could be influenced by varying the electrolyte concentration. Puck and Tolmach (1954) showed that phage T2 would attach readily to Escherichia coli B in the presence of 1.2 M NaCl. However, the finding that adsorption of phage 81 diminished as NaCl concentration increased to 10% was not unexpected (Fong and Krueger, 1949; Rountree, 1951 Rountree, , 1955 . The disparity between results obtained from experiments which tested the effects of 7.5 and 10% NaCl on replication of phage 81 in agar and in broth medium may be explained by differences in chance of collison of phage and living cells in a sernisolid and in a liquid medium. Cell death rate is high at these salt levels (Fong and Krueger, 1949; West, 1962) . If high concentrations of NaCl have a selective action on the cell population, the salt-selected cells of PS 81 are capable of replicating phage 81 in medium containing as much as 10% NaCl.
